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Abstract: Acidianus Filamentous Virus 1 (AFV1), isolated from acidic hot springs, is an enveloped
lipid-containing archaeal filamentous virus with a linear double-stranded DNA genome. It infects
Acidianus, which is a hyperthermostable archaea growing at 85°C and acidic pHs, below pH 3.
AFV1-99, a protein of 99 amino acids of unknown function, has homologues in the archaeal

virus families Lipothrixviridae and Rudiviridae. We determined the crystal structure of AFV1-99
at 2.05 A resolution. AFV1-99 has a new fold, is hyperthermostable (up to 95°C) and resists to
extreme pH (between pH 0 and 11) and to the combination of high temperature (95°C) and

low pH (pH 0). It possesses characteristics of hyperthermostable proteins, such as a high

content of charged residues.
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Introduction

Double-stranded DNA (dsDNA) viruses that infect Arch-
aea living in acidic hot springs (temperatures above
80°C and pH below 3) are radically different in their
properties from viruses that infect Bacteria and Eukarya.
Not only are the shapes of these viruses distinct from
those of all other viruses found on Earth to-day, but also
~80% of their ORFs do not share any sequence homol-
ogy with ORFs of other viruses or of cellular life forms,
apart from other archaeal viruses."* Filamentous viruses,
the most abundant morphotype in these extreme envi-
ronments, form the new viral order Ligamenvirales
divided into Rudiviridae and Lipothrixviridae families.
Lipothrixviruses (AFV1-8, TTVi-3, and SIFV)" infect
acidophilic and hyperthermophilic Crenarchaea from the
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genera Acidianus or Sulfolobus and, are the first envel-
oped lipid-containing filamentous viruses with linear
dsDNA genomes to be discovered. The lipothrixvirus
Acidianus Filamentous Virus 1 (AFV1) has been isolated
from a hot spring in Yellowstone National Park and
infects acidophilic and hyperthermophilic members of
Acidianus genus.® Its 20.8 kb linear ds-DNA genome
encodes for ~40 ORFs with 32% of them homologous to
viral ORFs from the lipothrixvirus SIFV and the Rudivi-
ruses SIRV1 and SIRV2, and with few predicted func-
tions based on sequence comparisons, two glycosyltrans-
ferases, two CopG like proteins and one transcription
regulator. Apart from structural proteins, it is expected
that other AFV1 ORFs should code for enzymes or pro-
teins involved in viral infection and replication, and have
functional equivalents in bacteria, archaea or eukarya.
Structural and functional data on archaeal virus proteins
are still extremely scarce but are needed to better under-
stand their evolution and biology. Eight protein struc-
tures from archaeal viruses have been reported, three
from the spindle-shaped SSV1 (Fuselloviridae),*™° four
from the unclassified icosahedral STIV,”'° and one from
AFV3 (Lipothrixviridae)."* To get insight into the func-
tion of the Lipothrixviridae proteome, we have initiated a
program to determine the structure of several conserved
ORFs."* Moreover, they may reveal novel features that
can be exploited for biotechnological applications.

We present here the crystal structure of AFV1-99
(Lipothrixviridae), a protein of 99 residues that has
homologues in other filamentous archaeal viruses,
Sulfolobus islandicus rod-shaped virus 1 (SIRV1, Rudi-
viridae; ORF99, ORF100, ORF95 and ORF96) and
Sulfolobus islandicus filamentous virus (SIFV1, Lipo-
thrixviridae; ORF14). The fold of AFV1-99 is novel and
it is extremely thermostable and also resistant to very
low pH (pH 0).

Results and Discussion

Structures of the native and SeMet AFV1-99
Crystals of native AFV1-99 belong to space group
P4,2,2 (a = b = 1014 A, c = 58.5 f&) and diffract
weakly at 3.1 A resolution. Because AFV1-99 contains
neither methionines nor cysteines, Leu27 and Ile7o
predicted to be in an o-helix and in a B-strand, respec-
tively, were mutated into methionine for phasing. The
SeMet substituted double mutant protein was pro-
duced in E. coli, purified, and the incorporation of
SeMet was checked by mass spectrometry. The SeMet
protein crystallized in a space group different to that
of the native protein (P2,2,2,, a = 57.1 A b= 97.7 A,
¢ = 103.7 A) and diffracted to 2.05 A resolution. The
structure was solved by SAD at the SeMet anomalous
peak. The data were of sufficient quality to locate the
8 Se sites present in the four molecules in the asym-
metric unit. The current model is refined to 2.05 10&,
resulting in an Rpor Of 0.19 and an Rge. of 0.22
(Table I). The tetramer can be described as a dimer of
dimers, each one assembled through a tight interface.
It should be noticed that the protein is purified as a
dimer (not shown).

The structure of the native protein was solved by
molecular replacement using one monomer of the
SeMet protein as search model. Two monomers were
localized in the asymmetric unit and were refined to
3.1 A with a final Reaetor Of 0.245 and an Ry of 0.296
(Table I). This dimer is identical to the tight dimer
observed in the SeMet labeled structure (r.m.s.d. =
0.45 f&). It buries 836 A2 (12.8%) of the accessible sur-
face, involves 21% of the residues and is made up of
an anti-parallel arrangement of two B-strands and two
a-helices from two monomers. Crystal packing recon-
stitutes the same tetrameric organization observed in

Table 1. Data collection, Phasing, and Refinement Statistics

AFV1-99 SeMet Native

Data collection
Space group P2,2,2, P4,2,2
Cell dimensions a, b, ¢ (7\) a=571,b=977,¢=1037 a=b=1014c =585
Wavelength (A) Peak (SAD) 0.979 0.934
Resolution (f&)a 45-2.05 (2.16—2.05) 40-3.1 (3.27-3.1)
Roym™ 0.095 (0.39) 0.10 (0.56)
I/ol* 25 (7) 15 (3.3)
Completeness (%)* 100 (100) 99.7 (100)
Redundancy® 13.8 (14.1) 7.5 (7.8)

Refinement
Resolution (A)? 30-2.05 (2.10—-2.05) 15-3.1 (3.17—-3.10)
No. reflections 35,082 5246 (361)
Completeness (%)? 100 (100) 99.7 (100)
Ryork / Reree™ 0.19/0.22 (0.191/0.23) 0.24/0.29 (0.31/0.37)
No. atoms 3740 1582
B-factor (overall, A?) 18.34 66.8
rmsd bond lengths (A), bond angles (°) 0.013, 1.44 0.011, 0.009

# Values in parentheses refer to the highest-resolution bin.

b Rsym = X%\ — (In)|/ ZpXI(I), where I; is the ith observation of reflection h and (Ij,) is the
weighted average intensity for all observations [ of reflection h.

¢ Calculated from randomly choosen reflections (5%).
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the SeMet structure: both "tetramers" structures
superimpose with a r.m.s.d. of 1.16 A. The inter-di-
meric surface is smaller (379 AZ, 6% of the total sur-
face). It is stabilized by antiparallel interactions
between f-strands 1a, residues 46 to 50, by hydrogen
bonds between side-chain residues, and by nonsym-
metrical hydrogen bonds. In contrast with the first
tight interface, no hydrophobic interactions are estab-
lished. The SeMet labeled structure being solved at
higher resolution, the rest of the structural description
will be based on it.

AFV1-99 structure: a new o/p fold
The AFV1-99 structure is made up of two helices and
a PB-sheet of five anti-parallel B-strands (see Fig. 1).
Proceeding from the N- to the C-terminus, we find
successively a-helix 1 (1—-19), B-strand 1 (23-33) split
in two parts (1a and 1b, Fig. 1), a short helix 2 (35—
42) followed by an extended stretch; residues 46 to 96
form the others 4 antiparallel p-strands. Both helices
cover one side of the B-sheet whereas the other side is
exposed to solvent. Searching with DALI'® for similar
proteins in the PDB produced no significant hits, with
low Z values (below 5.4) and relatively high r.m.s.d.
values (2.5 A at best) on a small number of residues
(~60). All these hits were essentially overlapping with
the B-sheet (strands 2-5). AFV1-99 structure defines
thus a new o/f fold that is conserved in crenarchaeal
linear Lipothrixviruses and Rudiviruses and identified
as the Pfamo71118 domain, DUF1374 superfamily.
Because of the novelty of the fold, the function of
AFV1-99 cannot be assigned directly. AFV1-99 does
not exhibit any crevice or cleft able to bind a small
molecule and hence to perform catalysis. However,
AFV1-99 tetramers (see above) are assembled in long
fibers with good interacting surfaces in the crystal

Ct

packing, which may point to a role as structural
protein.

AFV1-99 is a hyperthermostable and
hyperacidostable protein

AFV1 viruses proliferate in media at extreme pH val-
ues (<1.5). Structural proteins have therefore to sus-
tain fold and function not only at high temperature
but also at low pH. The AFVi-99 CD spectrum
recorded at 20°C and pH 7.7 displays a single broad
minimum at 221 nm and a strong positive band at 197
nm characteristic of a folded o/ protein containing
mainly B-strands. The CD spectra recorded at 20°C
and 95°C [Supporting Information Fig. 2(a)] and at
neutral (7.7) and acidic (0) pH conditions [Supporting
Information Fig. 2(b)] are all perfectly superimposable
establishing its extreme temperature and pH resist-
ance. Furthermore, it is also stable, but to a lesser
extent, to high pH values up to pH 11 [Supporting In-
formation Fig. 2(b)]. Not only AFV1-99 resists to very
low pH, but also resists to combination of low pH and
high temperature. The CD spectrum recorded at pH 0
and 95°C suggests it remains folded [Supporting Infor-
mation Fig. 2(c)]. In contrast, at pH 11 and 95°C,
AFV1-99 becomes unfolded: the signal at 200 nm is
negative and the signal in the range 215-260 nm is
closer to zero [Supporting Information Fig. 2(d)].

Over the past decades proteins from hyperthermo-
philes have been extensively studied in order to iden-
tify general rules governing the molecular basis of pro-
tein thermostability."¥*® Although these issues are still
debated, two prominent observations seem to be gen-
erally associated with thermostability: structural com-
pactness and conformational rigidity. AFV1-99 is
endowed with characteristics favorable to thermal sta-
bility: a very compact o/f fold, structured N and C

Figure 1. A: Stereo view of the 3D structure of AFV1-99. Colors vary from blue (N-terminus) to yellow (C-terminus). Helices
and B-strands are numbered from 1 to 2 and 1 to 5, respectively. B: Topological diagram of AFV1-99 fold.
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termini, short loops'® and the absence of cavities.
Thermostability also seems to be correlated with bi-
ased amino acid content and spatial distribution of
residue types that may establish favorable noncovalent
interactions at high temperatures.’® A comparative
proteome analysis using 30 complete genome sequen-
ces from the three kingdoms clearly demonstrated that
a higher proportion of charged (Lys and Glu) versus
polar (noncharged) amino acids, is a signature of
hyperthermophily.’® With 34.4% charged residues (Ch)
versus 17.2% of polar residues (Po), the sequence of
AFV1-99 corresponds to these criteria. This difference
(Ch-Po) of 17.2% is larger than the 10% difference
threshold observed in the extreme thermophilic
orfeomes. Besides, AFV1-99 contains many acidic resi-
dues with a high ratio of acidic to basic residues.
Acidic residues map around the surface and half of
them interact directly with main and side chain
groups. Charged and polar residues at the surface
increase the density of hydrogen bonding with the sur-
rounding water, which is a feature correlated with
thermostabilty.*® We also postulate that in the case of
AFV1-99 this proportion and repartition of acidic resi-
dues could explain its stability at low pH. Indeed, even
at pH inferior to their pKas, protonated carbonyl
groups should still be able to form the hydrogen bonds
network observed in the structure.

Materials and Methods

Native AFV1-99 expression, purification,

and characterization

Native AFV1-99 was cloned into the Gateway pDEST17
expression vector (Invitrogen). A sequence encoding a
TEV protease cleavage site was inserted between the
attB1 and the gene of interest. AFV1-99 was overex-
pressed in E. coli Rosetta(DE3)pLysS strain (Novagen)
grown in Terrific Broth (Gibco) at 25°C. Overexpressed
proteins were purified in three steps on a Pharmacia
Akta FPLC using (i) nickel affinity chromatography
(His-Trap 5 mL column, GE Healthcare) (ii) a second
nickel affinity chromatography, after cleavage of the
N-terminal hexahistidine tag with TEV protease and
(iii) and a preparative Superdex 200 HR26/60 gel fil-
tration in 10 mM CHES pH 9, NaCl 150 mM. Protein
was concentrated using Amicon Ultra-15 mL 5K (Milli-
pore) and characterized by SDS-PAGE, MALDI-TOFF
mass spectrometry (Briiker Autoflex). The molecular
weight was determined using an analytical size exclu-
sion chromatography (SEC) on a HPLC system
(Waters) with on-line multi-angle laser light-scattering
absorbance and refractive index detectors (MALLS/
UV/RI) (Wyatt technology). SEC was performed on a
Superose12 10/30 column (Amersham Biosciences) in
the eluent Tris 10 mM, pH 8, NaCl 300 mM and the
molecular weight was calculated by the ASTRA V soft-
ware (Wyatt technology) using a dn/dc of 0.180 mL/g.
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Double methionine mutant production for
selenomethionine-labeling

Double-amino-acid mutations of AFV1-99, Leu27Met
and IleyoMet, were generated using the QuickChange
Multi site-directed mutagenesis kit (Stratagene). Both
substitutions were performed consecutively, first
Leu27Met substitution and then IleyoMet. Parental
plasmids were digested by Dpnl, and the vectors con-
taining the mutation were transformed in XL10-Gold
ultracompetent cells. Transformants were selected
onto LB ampicillin (100 ug/mL) agar plates. Mutations
were verified by automated DNA sequencing (Genome
Express, France).

SelenoMethionine (SeMet) labeled mutant was
prepared following standard procedures in minimum
medium M9 by blocking the methionine biosynthesis
pathway.?' Expression, purification, and characteriza-
tion of the SeMet labeled AFV1-99 were carried out
using the same protocols as for native protein.

Stability studies to temperature and extreme pHs
Temperature and pH stability studies were carried out
by far-UV Circular Dichroism (CD) spectroscopy. CD
spectra were recorded with a JASCO J-810 spectropo-
larimeter (JASCO Corporation, Japan) equipped with
a Peltier temperature control system. Far-UV measure-
ments (185—-260 nm) were performed using a 0.1 cm
path quartz cuvette, with a scanning speed of 20 nm/
min, spectral bandwidth of 1 nm, and were averaged
over three scans. The solvent spectra were subtracted
in all experiments to eliminate background effects. CD
measurements in millidegrees were performed at a
protein concentration of 0.1 mg/mL in 10 mM Na/Na,
phosphate buffer pH 7.7. Stability tests at pH o and
pH 11 were carried out in HCl 1M and NaOH 0.001M,
respectively. Thermal denaturation was monitored by
increasing temperature from 20°C to 95°C with a heat-
ing rate of 5°C/min recording CD signal at 221 nm
and CD spectra at 95°C.

Crystallization and structure determination

SeMet labeled AFV1-99 was crystallized in Greiner
plates in condition 7 (40% 2-methyl-2,4-pentanediol,
0.2M calcium chloride) from the commercially available
screen MPD (Hampton Research) using a Cartesian
nanodrop-dispensing robot. After optimization, diffrac-
tion-quality crystal were obtained in sitting drops by
mixing 200 nL of protein at 8.4 mg/mL with 100 nL of
33% 2-methyl-2,4-pentanediol (MPD) (v/v), 0.2M cal-
cium chloride 0.1M HEPES pH 6.8. Crystals were flash-
frozen in liquid nitrogen for data collection at 100 K.
One Single-wavelength Anomalous Diffraction (SAD)
dataset was collected at the Se-K edge (0.979 A) at the
European Synchrotron Radiation Facility (ESRF, Gre-
noble, France) beamline ID29 using a ADSC Q315r de-
tector. Diffraction data were processed using MOSFLM/
SCALA (see Table 1).>* Selenium-substructure (8 sites)
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was solved using SHELXD, phases calculations and
density modification were performed using SHELXE.>3
ArpWarp>* was used to autotrace ~90% of the asym-
metric unit, the remaining part was manually built
using COOT.25 The model was refined with REFMAC52°
at 2.05 A using TLS (Translation/Libration/Screw) pa-
rameters applied to four TLS groups, and applying
restrained non-crystallographic symmetry (NCS) during
the first few rounds of refinement.

Native AFV1-99 was crystallized in Greiner plates
in condition 29 (1M sodium citrate, 0.1M Sodium
HEPES pH 7.5) from the commercially available screen
MDL (Molecular Dimension Limited). After optimiza-
tion, diffraction-quality crystal was obtained in Linbro
plates by mixing 1 uL of protein at 11.5 mg/mL with
1 pL of 1.35M sodium citrate, 0.1M Sodium HEPES pH
8.0. One native dataset was collected at the ESRF beam-
line ID14-eh1 using a MAR CCD detector. The structure
of the native protein was solved by molecular replace-
ment with MOLREP?® using SeMet labeled AFV1-99 as
initial search model (3DF6, chain A). Rigid body and
restrained refinement at 3.1 A, applying restrained NCS
and 4 TLS groups per chain and TLS Motion Determi-
nation,*” converged readily to a good model with R and
Rpee of 0.245 and 0.296, respectively (Table I). The
quality of the final models was checked with PRO-
CHECK.?® Atomic coordinates and structure factors of
native and SeMet labeled AFV1-99 have been deposited
at the Protein Data Bank at RCSB as entries 3DJW and
3DF6, respectively. The figures were produced with
Pymol, http://www.pymol.org.
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